The respiratory syncytial virus (RSV) is a serious pediatric pathogen for which there is currently no clinically-approved vaccine. This report describes the design and testing of a new RSV vaccine construct (rSV-RSV-F), created by the recombination of an RSV F sequence with the murine parainfluenza virus type 1 (Sendai virus, SV) genome. SV was selected as the vaccine backbone for this study, because it has previously been shown to elicit high-magnitude, durable immune activities in animal studies and has advanced to human safety trials as a xenogenic vaccine for human parainfluenza virus-type 1 (hPIV-1). Cells infected with the recombinant SV expressed RSV F protein, but F was not incorporated into progeny SV virions. When cotton rats were inoculated with the vaccine, high-titer RSV-binding and neutralizing antibodies were induced as well as interferonγ-producing T-cells. Most striking was the protection against intra-nasal RSV challenge conferred by the vaccine. The rSV-RSV-F construct was also tested as a mixture with a second SV construct expressing the RSV G protein, but no clear advantage was demonstrated by combining the two vaccines. As a final analysis, the efficacy of the rSV-RSV-F vaccine was tested against an array of RSV isolates. Results showed that neutralizing and protective responses were effective against RSV isolates of both A and B subtypes. Together, experimental results encourage promotion of this recombinant SV construct as a vaccine candidate for the prevention of RSV in humans.
INTRODUCTION
Respiratory syncytial virus (RSV) is the leading cause of hospitalizations for viral respiratory infections in infants and young children. In the United States, an estimated 70,000 to 125,000 infants are hospitalized annually with RSV pneumonia or bronchiolitis. Worldwide, RSV is estimated to cause more than 900,000 deaths per year. Clinical observations indicate that the first infection is generally the most severe, whereas subsequent infections tend to be milder. Such observations underscore the need for the design and development of an effective RSV vaccine [1] [2] [3] .
RSV vaccine studies began more than four decades ago. The most notable program culminated in a 1960s pediatric clinical trial in which RSV cultures were inactivated with formalin and administered to children. Unfortunately, this vaccine exacerbated disease when children were subsequently infected by RSV upon natural exposure [4] . It is now proposed that the formalin inactivated RSV vaccine elicited little neutralizing antibody, explaining the lack of protection. Moreover, in subsequent research studies, animals inoculated with the formalin-inactivated vaccine and challenged with RSV experienced severe lung inflammatory responses characterized by a skewed CD4+ T-cell response (in the absence of neutralizing antibodies) and the influx of eosinophils in the lung [5] [6] [7] [8] [9] [10] [11] . The importance of B-cell responses to protection has been demonstrated by a number of passive protection studies using RSVneutralizing immune globulin and humanized monoclonal antibodies [1;12-14] .
Interest in eliciting both humoral and cellular immune responses has spurred examination of live attenuated vaccine vectors. RSV and PIV vaccine candidates include cold-adapted or hostrange-restricted viruses in unmodified or recombinant form [15] [16] [17] [18] . Various subunit, fusion protein or peptide vaccines have also been tested in the RSV field. Thus far, there has been no indication of a clear clinical vaccine success, either because (i) safety problems have surfaced, (ii) the immunogenicity of vaccines has been inadequate, or (iii) the studies have not reached completion. The challenge that remains is to strike an effective balance between the safety and immunogenicity of current RSV candidate vaccines [19] [20] [21] [22] [23] [24] .
In our laboratory, studies with SV have highlighted the strengths of this vaccine vector for clinical applications. Initially, we demonstrated that African green monkeys were consistently protected against challenge with the human cognate virus hPIV-1 following vaccination with SV [25] . We next advanced SV to clinical phase I trials and showed that intranasal application of the vaccine was well tolerated in a cohort of healthy adults, all of whom were sero-positive [26] . The utility of unmodified SV as a naturally attenuated vaccine candidate for human PIV-1 prompted us to investigate SV as a platform for other immunogens.
Here we describe the preparation and evaluation of a novel recombinant SV vaccine expressing the RSV F protein. We show that the vaccine elicits RSV-specific neutralizing antibody and T-cell responses in cotton rats. Importantly, the vaccine also confers protection against RSV infections, even when the challenge virus is mismatched with vaccine by origin, sequence and subtype. Results strongly encourage advancement of the SV-based respiratory virus vaccine approach to clinical trial.
MATERIALS AND METHODS

Construct design
Replication-competent recombinant SV was rescued from the full genome SV cDNA containing an RSV F gene (for expression of a membrane-anchored form of the F protein) by a reverse genetics system using a modification of previously described methods [27] . To create a recombinant SV that produced the membrane-anchored form of RSV F protein, the full-length cDNA of SV (Z strain) [28] was modified to create a unique NotI site in the non-coding region between the F and HN genes (pSV(+)N [29] , Figure 1A ). Viral RNA was extracted from RSV strain A-2 (American Type Culture Collection, Rockville, MD)-infected HEp-2 cells and the F gene was amplified by reverse-transcription (RT)-PCR (Titan One Tube System; Roche). The PCR forward primer included a NotI site and the reverse primer included an SV transcription termination signal, an intergenic (IG) sequence CTT, a transcription initiation signal and a second NotI site (see Figure 1A ). Both RSV F cDNA and pSV(+)N were cleaved with NotI for recombination.
To rescue the recombinant virus, we infected 293T cells with a UV-inactivated, T7 RNA polymerase-expressing recombinant vaccinia virus (vTF7.3) for 1 hr at 37 °C at a multiplicity of infection (MOI, defined prior to UV treatment) of 3. Cells were co-transfected with the Fcontaining SV cDNA plasmid (1 μg) with three supporting T7-driven plasmids expressing the NP, P, or L genes of SV (1 μg pTF1SVNP, 1 μg pTF1SVP, and 0.1 μg pTF1SVL) in the presence of Lipofectamine (8 μl; Life Technologies, Grand Island, NY). Cells were then incubated for 40 hr. Cell lysates were subsequently prepared and inoculated into 10-day-old embryonated hens eggs. Allantoic fluids were harvested after 72 hr and virus was cloned by plaque purification on LLC-MK2 cells. Cloned recombinant SV was amplified once more in embryonated eggs to prepare vaccine stocks. Recovered virus was designated rSV-RSV-F.
Immunoprecipitation of F protein from infected HEp-2 cells
To check for RSV F protein expression by rSV-RSV-F infected cells, HEp-2 cells in 6 well plates were infected with the recombinant virus or with RSV-A2 for 1 hr at room temperature. Infected cells were then cultured for 2 days at 34°C and labeled with 35 S-Trans (100 μCi/ml) overnight at 34°C. Cells were lysed with 1 ml of TNE buffer (10 mM Tris, pH 7.4; 150 mM NaCl; 0.5% NP-40). Supernatants were clarified by a high-speed spin (15,000 × g, 15 min). Labeled RSV F proteins in the clarified supernatants were captured by mixing with a murine RSV-F-specific monoclonal antibody (Clone 631, Cat#C65063, Biodesign Intl. Saco, ME) bound by sheep anti-mouse IgG Dynal Beads (M-280, cat#112.01, Dynal Biotech, Lake Success, NY). The immunocomplexes were resolved by SDS-PAGE (10% gels) and analyzed with Kodak BioMax MR film.
Purification and characterization of recombinant SV particles
HEp-2 cells were infected with recombinant SV at an MOI of 5 and harvested after incubation for 3 days at 34°C. Recombinant SV particles were purified from the cell supernatants by centrifugation on a sucrose gradient. Purified virus (quantified for protein content using a Micro BCA ™ Protein Assay Kit, Pierce, Rockford, IL) was processed on an SDS gel and stained with GelCode Blue Stain Reagent. Additional gels were processed for Western blotting as described below. RSV-infected cell lysates were used as positive controls.
To obtain the control, wild-type RSV-infected cell lysate, HEp-2 cells were infected with RSV-A2 in PBS at room temperature for 1 hour. The inoculate was removed and cells were cultured in Dulbecco's modified eagle's medium (Cambrex Bio Science Walkersville, Inc, Walkersville, MD) supplemented with glutamine, gentamicin and 10% fetal calf serum. Cells were harvested on day 3 and lysed with 0.2 ml of TNE buffer (10 mM Tris [pH 7.4], 150 mM NaCl, 0.5% NP-40, and 1 mM EDTA). Supernatants were then clarified by centrifugation (15,000 × g, 10 min).
Western blot analyses
Proteins were separated by SDS-polyacrylamide gel electrophoresis under non-reducing conditions (to preserve antigenic determinants) and transferred to an Immobilon membrane (Millipore, Danvers, Mass.). Membranes were treated with 5% milk/TBST (Tris buffered saline plus 0.5% Tween), incubated with an RSV F-specific monoclonal antibody (antibody 1269, kindly provided by Dr. Coelingh, NIAID [30] ), washed again, and incubated with a goat anti-mouse IgG (H+L) horse radish peroxidase (HRP) conjugate (BioRad, Hercules, CA). A final reaction was with a SuperSignal West Pico Chemiluminescent (HRP) Substrate (Pierce, Rockford, Il) used as recommended by the manufacturer.
Animals and Immunizations
Groups of 5 adult female cotton rats (Sigmodon hispidus; Harlan Sprague Dawley, Indianapolis, IN) were intranasally inoculated with the rSV-RSV-F vaccine, or wild-type SV.
In some experiments, animals also received a previously-described rSV-RSV-G vaccine [29; 31] or an equal mixture of the rSV-RSV-F and rSV-RSV-G constructs. In each experiment, the total inoculum was 2 × 10 6 PFU/animal. Animals were rested for at least 9-10 days, after which mediastinal lymph nodes were collected for T-cell assays. Animals were rested for at least one month post-vaccination prior to serum sample collections and challenges.
Enzyme-linked immunosorbent assay (ELISA)
For detection of anti-RSV F-specific antibodies, ELISA plates (96-well) were coated with 1 ug/ml purified F protein (see below) and incubated overnight. Plates were blocked with PBS/ 3% bovine serum albumin (BSA, Sigma, St Louis, MO), after which serially diluted serum samples from the test and control cotton rats were added and incubated for at least 2 hrs at 37°C
. Plates were then washed and incubated with rabbit anti-cotton rat IgG (Virion Systems, Rockville, MD) for 30 min at room temperature. Plates were then washed, incubated with an anti-rabbit IgG-horseradish peroxidase conjugate (diluted 1:3,000 in PBS/1% BSA, Bio-Rad, Hercules, CA, Cat# 170-6515) for 30 min at room temperature, washed again, and incubated with 2,2′-azino-bis-(3-ethylbenzthiazolinesulfonic acid) (ABTS, Southern Biotechnology Associates, Inc, Birmingham, AL). Optical readings were at 405 nm.
To isolate purified RSV F protein, we utilized a recombinant SV construct that was designed to express a truncated, rather than a full-length F molecule. This SV was grown in embryonated hens eggs. Allantoic fluids were harvested three days later and fluids were centrifuged (approximately 300 × g, 10 min, to remove debris) and filtered (0.45 μM filter). Samples were passed over a PBS-equilibrated Sepharose column bound by the anti-F monoclonal antibody Palivizumab (Synagis; MedImmune Inc., Gaithersburg, MD). The column was washed with PBS and eluted with 0.2 M glycine (pH 2.8), after which pooled protein fractions were dialyzed overnight against PBS. RSV F from RSV-infected cells could also be used as the target antigen in ELISAs.
Neutralization assays and challenges
Neutralization tests were with viruses from RSV A and B isolates. Isolates were A2 (subtype A), B1 (subtype B) and VR1580 (subtype B, from the American Type Culture Collection, ATCC, Rockville, MD) and K1013 (subtype A), K1014 (subtype A), K1015 (subtype A), and K1036 (subtype B, kindly provided by Dr. J. Devincenzo, LeBonheur Children's Hospital, Memphis, TN). Each virus was grown on HEp-2 cells except for RSV B1, which was grown on Vero cells. To conduct neutralization assays, serially diluted sera were mixed with RSV (100 to 150 PFU/well) in EMEM (Cambrex Bio Science Walkersville, Inc, Walkersville, MD) for 1 hr at 37°C. The virus-serum mixtures were inoculated onto cell monolayers in 12-well plates. Plates were incubated for 1 hr (37°C, 5% CO 2 ) and then overlaid with medium supplemented with glutamine, antibiotics, 10% fetal calf serum and 0.75% methylcellulose (Fisher Scientific, Fair Lawn, NJ). After incubation for 4 to 6 days (37°C, 5% CO 2 ), the methylcellulose was removed, cells were fixed with 1 ml of formalin phosphate (1:10 dilution; PROTOCOL® from Fisher Scientific) and stained with hematoxylin and eosin. Plaques were counted and the plaque numbers were compared to those in wells with normal cotton rat sera.
Animals were challenged intranasally with RSV isolates A2, B1, K1015 or VR1580 at doses of 1.5-7.5 × 10 6 PFU/cotton rat. Lungs were harvested 3 days later for virus measurements and 5 days later for immunopathology studies (as described by Prince et. al. [5] ).
Peptide synthesis and IFN-gamma ELISPOT assays
For analyses of RSV-specific T-cells, overlapping peptides (derived from the RSV A2 F sequence, Genbank Accession # AAB86664) were prepared by the Hartwell Center for Bioinformatics and Biotechnology at St. Jude Children's Research Hospital. Peptides were generally 15 amino acids in length and were initiated at intervals of 5 amino acids to cover the entire length of the RSV F protein. They were then combined to form eleven pools (see detail below).
Multiscreen-hemagglutinin filtration plates (Millipore, Bedford, MA) were incubated overnight at 4°C with 3.3 μg/ml goat anti-cotton rat IFN-gamma antibody (R & D Systems, Minneapolis, MN), washed, and incubated for at least 1 hr at 37°C with complete tumor medium (CTM [32;33] , a modified Eagle's medium [Invitrogen, Grand Island, NY] supplemented with 10% fetal calf serum, dextrose [500 μg/m], glutamine [2 mM], 2mercaptoethanol [3 × 10 −5 M], essential and non-essential amino acids, sodium pyruvate, sodium bicarbonate, and antibiotics). Mediastinal lymph node cells were harvested from cotton rats 10 days after vaccination. Fresh cells were suspended in CTM and added to wells (2.5-1 × 10 6 cells/well) containing the peptide pools (final concentration of each peptide, approximately 10 μM). Positive control wells received 4 μg/ml Con A (Sigma-Aldrich, St. Louis, MO) rather than peptide. The plates were incubated for 48 hr at 37 °C, washed four times with PBS, and washed four times with PBS wash buffer (PBS with 0.05% Tween 20). Biotinylated goat anti-cotton rat IFN-gamma antibody (100 μl of 0.5 μg/ml; R & D Systems, Minneapolis, MN) in PBS containing 0.05% Tween 20 and 1% FCS was then added to each well, and plates were incubated at 37 °C for at least 2 hr. After additional washing, streptavidinconjugated alkaline phosphatase (Cat# D0396, DAKO, Copenhagen, Denmark) diluted 1:500 in PBS wash buffer was added. One hour later, plates were rinsed with wash buffer and water and the IFN-gamma spots were developed by adding 5-bromo-4-chloro-3-indolyl-phosphate/ nitro blue tetrazolium alkaline phosphatase substrate (Sigma-Aldrich). Spots were counted with an Axioplan 2 microscope and software (Carl Zeiss, Munich-Hallbergmoos, Germany).
Measurement of virus replication
Three days after intranasal RSV challenge, virus was quantified in the lungs of vaccinated animals. Briefly, cotton rats were sacrificed and the lungs were harvested and homogenized on ice with a mechanical Dounce homogenizer (PowerGen125 PCR Tissue Homogenizing kit; Fisher Scientific) to yield a final homogenate of 5 ml in PBS. Homogenates were centrifuged (approximately 1500 × g, 10 min) and supernatants were collected for cryopreservation prior to testing. For all viruses except the B1 isolate, serially diluted supernatants were inoculated into multiple wells of HEp-2 cell monolayers in 6-12 well plates in EMEM; after 1 hr at 37 °C , 5% CO 2 , the wells were overlaid with medium supplemented with glutamine, antibiotics, 10% fetal calf serum and 0.75% methylcellulose. After incubation for 4 to 6 days (37°C, 5% CO 2 ), the methylcellulose was removed, the cells were fixed with formalin phosphate, and the plates were stained with hematoxylin and eosin for plaque counting. For RSV B1, the same procedure was followed except that samples were applied to Vero cell monolayers (ATCC, Rockville, MD). Plaque forming units within cotton rat lungs were calculated.
Histopathology studies
Lungs isolated 5 days after challenge with RSV were prepared for histological analyses as previously described [29] . Briefly, lungs were inflated via the trachea with 10% neutral buffered formalin and submerged in formalin for overnight fixation. The fixed tissue was embedded in paraffin, sectioned at 4 μm, and stained with hematoxylin and eosin. Lung pathology was scored on the basis of three parameters: peribronchiolitis (inflammatory cells around small airways); alveolitis (inflammatory cells within alveolar spaces); and interstitial pneumonitis (inflammatory cell infiltrates and thickening of alveolar walls). Scoring was performed as described by Prince et. al. [5] in a blinded manner by a veterinary pathologist (KB) using a scale of 0 (no inflammation) to 100 (maximum inflammation within the experiment). Relative comparisons between test and control animals were evaluated independently for each parameter and for each experiment.
RESULTS
SV recombinant construction and assessment
Recombinant rSV-RSV-F particles were constructed to carry the F gene of RSV (see Figure  1A and Materials and Methods section for construction details). Gel electrophoresis/Western blot was then used to test for F expression among cells infected with the recombinant virus. RSV F proteins were expressed by cells infected with the construct and were predictably the same size as the F protein from RSV-infected cells (data not shown).
We questioned whether the RSV F protein might be present on the recombinant SV virus particle. Our expectations were that SV virions would not contain the foreign RSV F protein, because it lacked cytoplasmic sequences required for incorporation into SV virions [34] . To confirm this expectation, rSV-RSV-F virus particles were purified from HEp 2 infected cells and were tested by gel electrophoresis and Western blotting. In Figure 1B 3) , there was no evidence of RSV F within the SV recombinant virus particles. These findings confirmed that the RSV F protein was expressed following cell infection, but was not incorporated into the membrane of SV particles.
rSV-RSV-F elicits RSV-specific binding and neutralizing antibodies in a cotton rat model
To determine whether the RSV F protein was immunogenic in the context of an rSV-RSV-F infection, we inoculated groups of 5 cotton rats intranasally with the recombinant virus (2 × 10 6 PFU/rat). Blood was collected four weeks after inoculation for antibody studies by ELISA using purified RSV F protein as the target antigen. The testing of pooled, serially diluted sera (1:50, 1:500 and 1:5000) from rSV-RSV-F immunized cotton rats revealed significant levels of anti-RSV F antibodies, whereas sera from control cotton rats (immunized with unmodified SV) were negative (Figure 2A) . To assess the durability of the antibody response, we tested one group of animals by ELISA 8 to 12 months after immunization with rSV-RSV-F. Antibody responses were detected at this time (1:5,000 dilution, data not shown). This result was consistent with previous studies demonstrating the longevity of immune responses triggered by live viral vaccines [35;36] . Our general experience with recombinant SV (expressing passenger genes from RSV or other sources) was that the viruses could be transiently detected in the cotton rat lungs for up to 5 days after infection with no signs of weight loss or disease. Possibly, the limited virus growth without disease contributed to the generation of robust and durable immune responses.
Given that RSV-specific antibodies were evident in vaccinated cotton rats, we next questioned whether RSV neutralizing activities could be measured. Pooled serially diluted serum samples obtained four weeks after inoculation of cotton rats with rSV-RSV-F were incubated with RSV-A2 and plaque assays were conducted. These sera were highly efficient at RSV neutralization ( Figure 2B ). Control sera collected before inoculation (not shown) or from control unmodified SV-inoculated animals showed no effect. These results were consistent among replicate experiments and revealed that high-titered binding and neutralizing antibody activities could be demonstrated in rSV-RSV-F-immunized animals.
rSV-RSV-F elicits RSV-specific T-cell responses
Intranasal SV is well known for its capacity to elicit both B-and T-cell responses within the lung and local draining lymph nodes [37] . Accordingly, we conducted IFN-γ-ELISPOT assays to identify vaccine-induced, RSV-specific T cell responses. Mediastinal lymph nodes (MLN) were harvested from cotton rats 10 days after intranasal inoculation with rSV-RSV-F or a wildtype SV control. To examine IFN-γ expression, we incubated MLN cell suspensions with 11 pools of overlapping peptides representing the entire RSV F protein (see Figure 3 for peptide locations). As shown in Figure 4 , rSV-RSV-F successfully induced IFN-γ-producing T cell responses, targeted primarily toward epitopes in the N-terminal and mid-region of the F protein.
No enhanced pathology in the lungs of vaccinated animals after challenge with RSV
We next questioned whether vaccination with rSV-RSV-F vaccine might exacerbate disease following a challenge with RSV A2. We therefore rested vaccinated and control animals for 5 weeks and then challenged animals intranasally with RSV-A2 (1.5×10 6 PFU/cotton rat). After 5 days, histopathological analyses of the lungs were performed. This test design was based on a system previously developed by Prince et. al. for the analysis of RSV-induced lung immunopathology in a cotton rat model [5] . The lungs were harvested, perfused with formalin, sectioned, and stained with hematoxylin and eosin for histologic examination. Lung pathology (peribronchiolitis, interstitial pneumonitis, and alveolitis) was scored in a blinded fashion according to previously-published criteria. There was no significant difference between immunopathology scores in rSV-RSV-F-primed or SV-primed animals compared to PBS controls, demonstrating that immunopathology was not enhanced by vaccination in this model (Table 1 shows mean scores, Figure 5 shows representative results). Of note, our previous study of rSV-RSV-G or SV-primed cotton rats also showed no enhanced immunopathology compared to PBS controls [29;31] .
rSV-RSV-F vaccine confers protection against RSV challenge in the cotton rat model
Having identified the production of binding and neutralizing antibodies and T cell responses toward RSV, and having shown no enhanced immunopathology upon challenge, we next assessed the capacity of the vaccine to protect animals from the RSV challenge. As before, vaccinated (rSV-RSV-F) and control (unmodified SV or PBS) animals were rested for 5 weeks and then challenged intranasally with RSV-A2 (1.5×10 6 PFU/cotton rat). Three days after challenge, animals were sacrificed and lungs were collected for determination of RSV burden. As shown in Figure 6A , animals vaccinated with a single dose of the recombinant SV vaccine were protected from RSV challenge: no infectious RSV was isolated from their lungs. In contrast, all animals inoculated with wild-type SV and subsequently challenged with RSV showed significant virus infection. This protection illustrates the remarkable capacity of the SV recombinant to prevent infections with RSV.
The combination and testing of SV recombinants expressing RSV F and G membrane proteins
The above-described experiments clearly demonstrated the efficacy of the rSV-RSV-F construct as a vaccine for RSV. Results were, in fact, reminiscent of our previous tests with an SV recombinant expressing the RSV G protein [29;31] . In each case, constructs elicited robust immune activities and protection. We therefore questioned whether a combination of the two vaccines would be superior to the use of either one alone. Cotton rats were inoculated with a total of 2 × 10 6 pfu SV by intranasal inoculation, with individual rSV-RSV-F and rSV-RSV-G vaccines or with a mixture of the two. The animals were then challenged with a higher than normal dose of RSV (7.5 × 10 6 PFU/cotton rat) to override the complete protection otherwise conferred by the individual rSV-RSV-F or rSV-RSV-G vaccines. As shown in Figure 6B , following the high dose challenge, we found that the protection afforded by the individual rSV-RSV-F vaccine was not exceeded by the rSV-RSV-G vaccine, and was not improved by mixing the two constructs together.
rSV-RSV-F elicits neutralizing antibodies toward a variety of RSV isolates inclusive of A and B subtypes
Because the RSV F protein is well conserved (and better conserved than G protein) among RSV isolates, we asked whether antibodies elicited by the rSV-RSV-F construct (derived from RSV A2) would recognize heterologous RSV isolates. We therefore tested sera from rSV-RSV-F-primed animals against four different viruses of the RSV A subtype and three different viruses of subtype B. As shown in Table 2A , sera were capable of neutralizing each of the viruses, inclusive of subtype 'A' and 'B' representatives. Neutralization activities by sera from rSV-RSV-G-primed animals [29;31] were also tested in preliminary experiments (Table 2B ). In this case, the neutralization elicited by rSV-RSV-G of the 'A' subtype was slightly skewed toward 'A' viruses, but cross-neutralization activities against the 'B' isolates were again apparent. Results showed that although viruses can be categorized as 'A' and 'B' subtypes, the groups are not indicative of distinct serotypes. Rather, neutralizing responses elicited by an antigen from one subtype can recognize and neutralize viruses from another subtype. Results also highlighted the superior breadth of neutralizing activities elicited by the rSV-RSV-F vaccine.
rSV-RSV-F confers protection against RSV of subtype B
To further test the cross-reactive nature of responses elicited by rSV-RSV-F, we conducted challenges with heterologous viruses (inclusive of RSV B1, VR1580 and K1015). In each case, full protection was demonstrated (results of a VR1580 challenge are shown in Figure 7 ). The vaccine was clearly protective even when the challenge virus differed by origin, sequence and subtype.
DISCUSSION
Here we describe the construction of a new vaccine (rSV-RSV-F) and its testing in a cotton rat model for protection against RSV challenge. Vaccine development involved the use of reverse genetics to express RSV F full-length protein in the context of recombinant SV. We first demonstrated that F protein was expressed in cells infected with rSV-RSV-F. We also showed that despite the inclusion of the transmembrane domain in this recombinant, the F protein was not incorporated into viral particles (probably because sequences necessary for SV assembly [34] were lacking in the cytoplasmic tail of RSV F).
Tests of the recombinant vaccine in a cotton rat model demonstrated elicitation of neutralizing antibody and T cell responses. Importantly, results also showed that vaccination induced protection against experimental RSV infection in primed animals. While the contribution of B cell/T cell activity was not dissected in the current studies, it is likely that each contributed to the protective effect: antibodies provide the first line of defense by mediating virus clearance while T cells are known to secrete cytokines, kill virus-infected cells and facilitate effector functions by innate and adaptive arms of the immune system [38] . Our histological studies showed that protection was conferred in the absence of enhanced immunopathology after RSV challenge, perhaps due to the presence of balanced neutralizing B-cell and T-cell activities [9] . Finally, we showed that the immune response was capable of responding to, and protecting against heterologous viruses, inclusive of viruses matched or mismatched with the vaccine by subtype.
The demonstration of RSV protection without enhanced lung pathology is worthy of comment, given that children vaccinated with the formalin-inactivated RSV vaccine of the 1960s experienced exacerbated disease compared to placebo controls following natural RSV infection. In fact, there were numerous hospitalizations and two deaths caused by immunizations with the formalin-inactivated vaccine [24] . The exacerbated disease was likely due to pulmonary inflammation initiated by a rigorous RSV-specific T cell response in the absence of neutralizing B cell activity. We propose that the induction of a strong neutralizing antibody response by vaccination may therefore be a crucial feature of safe vaccination. The lack of enhanced lung pathology in our study was likely because there was an immediate reduction of virus particles by the RSV-specific antibodies in the vaccinated groups. Without prolonged lung infection and tissue damage, vaccinated cotton rats may have experienced a decrease in recruitment of inflammatory cells and an inhibition of attendant cytokine release [6] .
The studies described in this report also examined the effect of mixing SV-based vaccines expressing RSV F and G proteins. However, an improvement to the protective response was not revealed by mixing. The RSV F vaccine was therefore advanced as the preferred vaccine, given that the F gene is better conserved among natural RSV isolates than is G [39] [40] [41] [42] . To determine if that conservation was supportive of cross-neutralization and cross-protection, we tested the rSV-RSV-F construct for elicitation of neutralizing and protective responses against non-homologous challenge viruses. These studies showed that cross-reactive responses were induced. Specifically, (i) a variety of isolates of subtypes A and B were effectively neutralized, and (ii) rSV-RSV-F (derived from an RSV A virus) conferred protection against challenges with RSV B. Such results show that although RSV isolates are routinely categorized as subtypes 'A' or 'B', the groupings do not define serologically distinct pathogens. Of note, the anti-RSV F monoclonal antibody Palivizumab is effective against RSV of both A and B subtypes [43; 44] .
In addition to the advantages that SV provides as a naturally attenuated live virus vaccine vector (induction of durable antibody and T cell responses and protection from RSV challenge), the SV backbone itself provides protection against its human cognate, hPIV-1. Our previous studies showed that live, unmodified SV conferred protection against hPIV-1 challenge in African green monkeys. Specifically, of six monkeys vaccinated with SV, none demonstrated evidence of infectious hPIV-1 after challenge. Of six unvaccinated monkeys, all became infected [25] .
The use of unmodified SV as a human vaccine for hPIV-1 is now being studied in clinical trials. No serious or unexpected adverse events have been observed [26] . Recent research by Bousse et. al. [45] provides at least one explanation for this finding. These researchers compared the growth of human (hPIV-1) and mouse (SV) parainfluenza viruses on human respiratory cells in vitro and found that unlike hPIV-1, SV was naturally attenuated in the context of human interferon-mediated protective mechanisms. This may explain the lack of SV association with known human diseases, despite abundant contact between humans and mice (the natural hosts of SV). An intranasal paramyxovirus vaccine obviously holds great clinical appeal, particularly because it can be administered to the target pediatric population ( 12 months of age [1] ) without needle sticks. Another practical advantage of SV is that it grows to high titers in hens eggs, facilitating the manufacture of large vaccine lots.
In conclusion, we have demonstrated that a new SV-based RSV F construct is capable of conferring protection against RSV in a cotton rat model. We propose that the rSV-RSV-F recombinant may ultimately be found to serve a dual purpose: the xenogenic backbone may protect children from hPIV-1 while the passenger gene may simultaneously protect children from RSV. Obviously, the prevention of these two severe respiratory diseases with a single intranasal administration would constitute an enormous advance and would significantly decrease morbidity and mortality in the human population. 
Figure 2. Cotton rats primed with rSV-RSV-F generate RSV-specific antibodies
Groups of 5 cotton rats were inoculated with 2 × 10 6 PFU of rSV-RSV-F or unmodified SV. Sera were collected after 4 weeks and pooled for each group. (A) ELISAs were conducted with serially diluted samples (from cotton rats inoculated with rSV-RSV-F or unmodified SV (control)) on plates coated with purified F protein.
(B) Pooled serum samples (from cotton rats inoculated with rSV-RSV-F or unmodified SV (control)) were tested for inhibition of RSV growth in a plaque assay. Sera were mixed with RSV-A2 for one hour and then inoculated onto HEp-2 cell monolayers. Results are the mean percent plaque reduction mediated by sera from rSV-RSV-F or SV (control)-immunized cotton rats as compared to sera from untreated animals. Standard error bars are shown. Individual sera were also tested and each demonstrated high activity; no non-responders were evident among rSV-RSV-F-vaccinated animals.
Figure 3. Peptide pools representing the entire RSV-F sequence
The synthesized peptides were generally 15 amino acids in length and were initiated at 5-amino acid intervals to cover the entire length of the RSV F protein. Each pool comprised approximately 10 peptides. Seven peptides were not synthesized due to technical difficulties: ITTILTAVTFCFASG (pool 1); KIKSALLSTNKAVVS (pool 4); NFYDPLVFPSDEFDA (pool 10); and STTNIMITTIIIVII, MITTIIIVIIVILLS, IIVIIVILLSLIAVG, and VILLSLIAVGLLLYC (pool 11). The arrow indicates the position of the F transmembrane region.
Figure 4. RSV-specific T cell responses elicited by inoculation with rSV-RSV-F
Mediastinal lymph nodes (MLN) were isolated from cotton rats 10 days after inoculation with rSV-RSV-F (panel A) or unmodified SV (panel B, control) to assess T cell function by IFNγ ELISpot activity. MLN were combined from two cotton rats (to provide enough cells for an analysis of all eleven peptide pools, x axes) and more than one cotton rat pair was tested at a time (to provide a measure of mean and standard error). Spot-forming units (SFU) were counted per well with different cell numbers per well (see legend). The number of cells aliquted per well varied from 2.5 × 10 5 to 1 × 10 6 . A. Animals inoculated with rSV-RSV-F were challenged intranasally with the homologous RSV-A2 (1.5×10 6 PFU/rat). Protection was observed relative to control animals that were immunized with unmodified SV. ND=Virus not detected. Virus replication in the lung was determined by plaque assay (see Materials and Methods). Each symbol represents an individual cotton rat. B. Groups of cotton rats were vaccinated with rSV-RSV-F, rSV-RSV-G, a combination of the two recombinants, or unmodified SV (control). Animals were challenged with a high dose (7.5 × 10 6 pfu) of the homologous RSV A2 five weeks later, and virus replication was monitored in lungs after three additional days. Animals vaccinated with rSV-RSV-F or unmodified SV (control) were challenged with the RSV type B isolate, VR1580. Virus replication in the lung was determined three days later by plaque assay. Animals inoculated with rSV-RSV-F were protected against intranasal challenge (1.5×10 6 PFU/cotton rat) with the type B RSV isolate. All control animals, immunized with unmodified SV at the same dose, were infected. Legend: Cotton rats were inoculated with rSV-RSV-F, SV or PBS, challenged with RSV, and examined 5 days later. Values are the mean score ± standard deviations for five animals (0 = no inflammation; 100 = maximum inflammation scored within the experiment). The observer was blinded to sample origin during scoring.
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Vaccinated cotton rat sera neutralize heterologous isolates from RSV A and B subtypes
A. Sera from rSV-RSV-F immunized cotton rats were tested for neutralization capacity against four virus isolates of RSV subtype A and three virus isolates from RSV subtype B. Neutralization was identified in every case. Sera from animals immunized with unmodified SV (SV Controls) were also tested. Percentages of neutralization were determined by comparing plaque forming units in test wells to wells containing normal cotton rat sera. Results are shown with standard errors. Activities of ≥30% are shown in bold. Virus samples were from the American Type Tissue Culture Collection (ATCC) and Dr. J.
Devincenzo (LeBonheur Children's Hospital, Memphis, TN). Percentages of neutralization, means for each subtype, and standard errors are shown. B. Preliminary neutralization results are shown for sera from rSV-RSV-G immunized cotton rats [29;31] . ND=Not determined. 
